We investigate the effects of non-Newtonian gravity on the properties of strange quark stars (QSs) and constrain the parameters of strange quark matter (SQM) model (namely, the modified bag model) employing the mass of PSR J0740+6620 and the tidal deformability of GW170817. We find that the existence of QSs without the inclusion of non-Newtonian gravity effects is ruled out by the observations. We also find that QSs can exist for 1.95GeV
Introduction.-The gravitational wave event GW170817 [1] and its associated electromagnetic counterpart [2] have placed constraints on the neutron star matter equation of state (EOS)(see reviews, e.g., Refs. [3] [4] [5] [6] ). Among these studies, several works have checked whether the observations from GW170817 are compatible with QSs, in which the matter consists of up (u), down (d), strange (s) quarks and electrons [7] [8] [9] . Zhou et al. [7] found that the tidal deformability of GW170817, together with the mass of PSR J0348+0432 (2.01±0.04M ⊙ ) [10] , can restrict the parameter space of SQM model, but can not rule out the existence of QSs. However, the dimensionless tidal deformability for a 1.4M ⊙ star (Λ(1.4)) employed by these authors is Λ(1.4) ≤ 800 [1] , which has been improved to Λ(1.4) = 190 +390 −120 (Λ(1.4) ≤ 580 will be used in this Letter) [11] . Moreover, a millisecond pulsar J0740+6620 with mass 2.17
+0.11
−0.10 M ⊙ (68.3% credibility interval) was reported recently [12] , which sets a new record for the maximum mass of neutron stars (NSs).
The inverse-square-law of gravity is expected to be violated by string theory or M theory which aims to unify gravity with the other three fundamental forces, namely, eletromagnetic interaction, weak and strong interactions [13] [14] [15] . NonNewtonian gravity can be characterized effectively by adding a Yukawa term to the normal gravitational potential [16] , and constraints on the deviations from Newton's gravity have been set experimentally (see Ref. [17] and references therein). Effects of non-Newtonian gravity on the properties of NSs and QSs have been studied [18] [19] [20] [21] [22] , and it is found that the inclusion of non-Newtonian gravity will lead to the stiffening of the EOS and a bigger maximum mass of the stars.
In this Letter, we will study the effects of non-Newtonian gravity on the properties of QSs and constrain the parameter space of SQM model using updated tidal deformability of GW170817 and recently reported mass of PSR J0740+6620.
EOS of SQM and non-Newtonian gravity.-Before the discussing of non-Newtonian gravity effect to EOS of SQM, we briefly review the phenomenological model employed in this Letter, namely, the modified bag model [23] [24] [25] [26] . In that model, u, d quarks are treated as massless particles and first- * Electronic address: ysh@mail.ccnu.edu.cn order perturbative corrections in the strong interaction coupling constant α S are taken into account. The thermodynamic potential for the u, d and s quarks, and for the electrons (Ω i with i = u, d, s, e) are the same as Refs. [25, 27] with the renomormalization constant σ = 300 MeV, and the current mass of s quark is taken as m s = 95 MeV [28] . The number density of each species is given by
where µ i (i = u, d, s, e) are the chemical potentials. For SQM, the chemical equilibrium is maintained by the weakinteraction processes, thus µ i obey
The charge neutrality equation is given by
One also has the baryon number density
The energy density without the effects of the non-Newtonian gravity is
and the corresponding pressure is
where B is the bag constant. Non-Newtonian gravity will be introduced following Refs. [18] [19] [20] . According to Fujii [16] , non-Newtonian gravity can be described by adding a Yukawa term to the conventional potential between two objects with masses m 1 and m 2 , i.e.,
where G ∞ is the universal gravitational constant, α is a dimensionless strength parameter and λ is a length scale. In the scalar or vector boson exchange picture,
where g 2 is the boson-baryon coupling constant, m b is the baryon mass and µ is the boson mass (in Eq. (10), µ is in natural unit). Within the mean-field approximation, the extra energy density due to the Yukawa term is [20] 
where V is the normalization volume, n b (
is the baryon number density of homogeneously distributed strange quark matter and r = | x 1 − x 2 | (In the right hand side of the formula, there exists a prefactor of 3 before n b because the baryon number of one quark is 1/3). A simple integration gives
Correspondingly, the extra pressure due to the Yukawa term is
Assuming a constant boson mass independent of the density [18] [19] [20] , one obtains
Thus, the total energy density and pressure including the nonNewtonian gravity effects are
The dimensionless tidal deformability.-In the following, we use geometrized units G = c = 1 and define the compactness β ≡ M/R. The dimensionless tidal deformability is defined as Λ ≡ λ/M 5 , where λ is the tidal deformability parameter 1 and it can be expressed in terms of the dimensionless tidal Love number k 2 as λ = 2 3 k 2 R 5 [29] [30] [31] [32] . Thus, one has
1 The symbol λ is also used in Eqs. (8) and (10), where it denotes the length scale of non-Newtonian gravity. It symbolizes the tidal deformability parameter conventionally only in this paragraph.
The tidal Love number k 2 can be calculated using the following expression [33] [34] [35] :
and 2β) . (20) In Eqs. (19) and (20), y R ≡ y(R) − 4πR 3 ǫ s /M, where y(R) is the value of y(r) at the surface of the star, and the second term of right hand side exists because there is a nonzero energy density ǫ s just inside the surface for QSs [36] . For different radius insides the star, y(r) satisfies the differential equation
with
where c Numerical results and discussions.-We calculate allowed parameter space of SQM model according to the following constraints [7, 37, 38] : First, the existence QSs is based on the idea that the presence of strange quarks can lower the energy per baryon of the mixture of u, d and s quarks in beta equilibrium below the one of 56 Fe (E/A ∼ 930 MeV) [39] . This constraint results in the "3-flavor line" in Fig.1 . The second constraint is given by assuming that non-strange quark matter (two-flavor quark matter consists of only u and d quarks) in bulk has a binding energy per baryon higher than the one of the most stable atomic nucleus, 56 Fe, plus a 4 MeV correction coming from surface effects [23] . By imposing that E/A ≥ 934 MeV for non-strange quark matter, one ensures that atomic nuclei do not dissolve into their constituent quarks and gives the "2-flavor line" in Fig.1 . The shaded areas between "3-flavor line" and "2-flavor line" presented in Fig.1 show the allowed parameter spaces which satisfy both the above two constraints. The third constraint is that the maximum mass of QSs must be greater than the mass of PSR J0740+6620 (specifically, we use M max ≥2.17M ⊙ ), and by employing this constraint, the parameter space is limited to the region below the solid red line in Fig.1 (The dashed red line in Fig.1 is plotted Λ(1.4) is the dimensionless tidal deformability for a 1.4M ⊙ star. The parameter space that satisfies this constraint corresponds to the region above the solid blue line in Fig.1 (the dotted blue line is also plotted for comparison, which stands for Λ(1.4)=190).
By imposing all the four constraints mentioned above, the allowed parameter space of SQM model is restricted to the small dark cyan shadowed region shown in Fig.1(c) and Fig.1(d) , which are for g 2 /µ 2 =3.25GeV −2 and g 2 /µ 2 =4.93GeV −2 , respectively. Nevertheless, there exists none parameter space that can simultaneously satisfy all the constraints in Fig.1(a) , Fig.1(b) and Fig.1(e) , which are for g 2 /µ 2 =0, g 2 /µ 2 =1.95GeV −2 and g 2 /µ 2 =7.28GeV −2 , respectively. From Fig.1(a) , one can see that for the case of g 2 /µ 2 =0, the constraints that M max ≥2.17M ⊙ and Λ(1.4) ≤ 580 could not be be satisfied at the same time. This situation continues as the value of g 2 /µ 2 becomes bigger until it is as large as 1.95GeV −2 , when the M max =2.17M ⊙ line almost completely coincides with the Λ(1.4) = 580 line (see Fig.1(b) ). For the case of 1.95GeV
, there exists an allowed region for parameter space of EOS of SQM; for examples, the dark cyan shadowed region displayed in Fig.1(c) and Fig.1(d) . However, the allowed parameter space vanishes again for g 2 /µ 2 > 7.28GeV −2 , which can be easily understood from Fig.2 
(e).
It is necessary to focus on Fig.1(b) and Fig.1(d) once again. In Fig.1(b) , the M max =2.17M ⊙ line and the Λ(1.4) = 580 line almost completely overlap. These two lines cut across "3-flavor line" at the point of B 1/4 =141.8MeV and α S =0.52. Therefore, one can draw the conclusion that considering all the four constraints imposed in this Letter, the lower limit of B 1/4 is 141.8MeV, and the upper limit of α S is 0.52. On the other hand, in Fig.1(d) , the M max =2.17M ⊙ line meets "3-flavor line" and the longitudinal coordinate-axis at B 1/4 =150.4MeV, which suggests that the upper limit of B Summary.-In this Letter, we have investigated the effects of non-Newtonian gravity on the properties of QSs and constrained parameter space of SQM model using the observations of PSR J0740+6620 and GW170817. It is found that the observations can not be explained by SQM model used in this Letter if non-Newtonian gravity effects are not included. In other words, the existence of QSs is ruled out in this case. Considering the non-Newtonian gravity effects, allowed parameter space of B 1/4 and α S exists only for 1.95GeV −2 ≤ g 2 /µ 2 ≤ 7.28GeV −2 . Despite that the allowed parameter space changes with the value of g 2 /µ 2 , all the allowed parameters are between 141.8MeV≤ B 1/4 ≤ 150.4MeV and α S ≤ 0.52.
Moreover, comparing with Fig.1 in Ref. [22] , one has the conclusion that the range of non-Newtonian gravity (1.95GeV −2 ≤ g 2 /µ 2 ≤ 7.28GeV −2 ), which leads to the existence of QSs, agrees well with the constraints in the |α| vs λ plane in the range of λ ≈ 10 −15 − 10 −10 m obtained from nuclear laboratory experiments.
